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Scanning-tunneling microscopy has been used to characterize the effects of Nb impurities on the in-
commensurate charge-density-wave (CDW) phase in 17-TaS;. Real- and reciprocal-space data indicate
that disorder in the CDW is due to dislocations and small random rotations of the CDW. The disloca-
tions destroy translational order; however, calculations show that the orientational order is long range.
These results are consistent with weak pinning and suggest the possibility of a hexatic CDW phase. The
similarity of our data to results obtained for other two-dimensional systems is discussed.

PACS numbers: 71.45.Lr, 61.16.Di, 64.70.Kb

Determining the nature of the interaction between im-
purities and a charge-density wave (CDW) is essential to
understanding the static and dynamic properties of the
CDW state.!™® In general, two regimes, strong and weak
pinning, have been defined to describe the strength of the
interaction of impurities with a CDW. In strong pinning
the impurity potential dominates the elastic energy of
the CDW and pins the CDW phase at each impurity
site.> In weak pinning, the CDW breaks up into con-
stant-phase regions pinned to the random impurity dis-
tribution; that is, the pinning is collective.?> There has
been considerable theoretical and experimental contro-
versy regarding weak pinning in CDW systems,*™ in
large part because data characterizing the structural
evolution of the CDW order with doping have been am-
biguous. More generally, weak or collective pinning is
also believed to play an important role in other physical
systems, most notably the flux-line lattice of the high-
temperature copper-oxide superconductors.'® For these
materials it has been suggested that weak pinning gives
rise to a hexatic vortex-glass state in which the flux-line
lattice exhibits long-range orientational order but only
short-range translational order. '*!!

Much of the experimental work that has addressed the
nature of impurity pinning in CDW systems has focused
on transport measurements. "2 Unfortunately, the inter-
pretation of these data in terms of strong or weak pin-
ning has often been controversial.>® An unambiguous
resolution of the nature of pinning requires that the
structure of the CDW phase be determined in the pres-
ence of dopants.’” Scanning-tunneling microscopy (STM)
can determine the structure of a CDW in real space, '>'?
and hence should provide a direct method to address the
nature of pinning. In previous STM studies we investi-
gated the effect of nonisoelectronic impurities on the
CDW phase.!* This work illustrates that STM can be
used as a direct structural probe of doped CDW materi-
als; however, the interpretation of these earlier results is
complicated since impurity pinning was not studied in
the incommensurate state, i.e., the CDW was already
pinned to the lattice in the absence of impurities.

In this Letter we present new experimental data and a
new quantitative analysis for the incommensurate CDW

phase in Nb-doped 17-TaS,, Nb,Ta;-,S,, that provide
strong structural evidence for the weak-pinning model.
Real- and reciprocal-space analyses of the images indi-
cate that Nb impurities cause dislocations and small ro-
tations of the CDW. The dislocations destroy transla-
tional order of the CDW, although the orientational or-
der appears to be long range. Calculations of the orien-
tational correlation function indicate that the orienta-
tional order decays much more slowly than translational
order at low impurity concentrations. Long-range orien-
tational order and short-range translational order are
consistent with weak (i.e., collective) pinning and sug-
gest. that the CDW phase is possibly a hexatic glass.
These data are strikingly similar to results obtained for
two-dimensional binary random arrays'> and the flux-
line lattice in superconductors.'®!!

Single crystals of Nb,Ta;—,S, (x =0,0.04,0.07,0.10)
were grown by iodine-vapor transport in a 70°C gra-
dient. Bulk and surface analyses were used to verify the
concentration of Nb and the stoichiometry of the crys-
tals. The incommensurate to nearly commensurate
CDW transition temperatures for the x =0, 0.04, 0.07,
and 0.10 samples were determined from resistivity mea-
surements and found to agree with previous reports.2'®
STM images were recorded in the incommensurate state
on crystals with characterized transition temperatures
using a commercial instrument (Nanoscope, Digital In-
struments, Inc.) that has been modified for variable-
temperature operation. The temperature was monitored
with a calibrated thermocouple placed directly behind
the sample. Other experimental details have been de-
scribed previously. 4

The essential experimental results from our studies are
shown in Fig. 1. The STM images of the x =0, 0.04,
0.07, and 0.10 Nb,Ta, —,S; single crystals were record-
ed at 380, 340, 315, and 298 K, respectively, to ensure
that the samples were in the incommensurate state since
the CDW is already pinned to the lattice in the low-
temperature commensurate and nearly commensurate
states.!” Temperature variations within the incommens-
urate state did not affect the structure shown in the im-
ages. There are several features evident from analysis of
the images. First, we find that the Nb impurities induce
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FIG. 1. 30x30-nm? gray-scale images of (a) 17-TaS, (b) NboosTao96S2, (¢) Nboo7Ta093S2, and (d) Nbo1TaosS, recorded with
a tunneling current of 2 nA and a bias voltage of 11 mV. The images are displayed with an inverted gray scale; i.e., the black spots
correspond to CDW maxima. Two dislocation loops are highlighted in (b). 2DFT power spectra of images corresponding to these

samples are shown below the images. The atomic lattice (G.) and CDW (g) wave vectors are indicated below (a).

dislocations in the CDW lattice. Dislocation pairs in
which the coordination of the CDW maxima is 5 or 7
(versus 6 for a perfect lattice) and other defects are ap-
parent in the images; trapped defects are explicitly
highlighted by the two dislocation loops in Fig. 1(b).
The density of dislocations, which are observed in every
image of Nb-doped samples, increases with increasing
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niobium concentration (x =0.04-0.10).

The distance

between dislocations is, however, greater than the aver-
age impurity spacing and thus it is unlikely that these
defects are due to strong pinning. Additionally, while it
is known that dislocations destroy translational order,
orientational order can remain long range in the presence

of these defects. !!-15:18.19
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We have qualitatively assessed the orientational order
by drawing lines along a principle CDW direction in the
images. These lines illustrate that the average orienta-
tion of CDW is approximately constant (i.e., the order is
long range), although there are small rotations of the
CDW orientation with respect to this average direction
in the Nb-doped samples. These small rotations are
readily observed by viewing the images at a glancing an-
gle along the indicated lines. Analyses of atomic-
resolution images demonstrate that the rotations are not
due to instrumental artifacts since the underlying atomic
lattice is undistorted.

To further illustrate these points we have calculated
the two-dimensional Fourier transform (2DFT) of im-
ages of the x =0-0.10 samples; these results are shown
below the real-space images in Fig. 1. As a reference for
our experiment the 2DFT of pure TaS,; shows sharp
first-order peaks corresponding to the hexagonal atomic
lattice and CDW superlattice as expected. In contrast,
the 2DFTs of the x =0.04, 0.07, and 0.10 images show
distinct radial broadening and angular elongation of the
CDW peaks, although the atomic lattice spots are sharp
in all cases. The radial broadening of the CDW peaks
for the Nb-doped samples indicates a lack of translation-
al order. We estimate'® from the average radial widths
determined from several x =0.04, 0.07, and 0.10 2DFTs
that the translational correlation lengths are about 4, 3,
and 2 CDW wavelengths, respectively. These results are
clearly consistent with the proposal that the dislocations
detected in our images destroy translational order.

The angular elongation of the CDW peaks in the
2DFT, up to *15° in the Nbg;Tag¢S; sample, is con-
sistent with rotations of the CDW determined directly
from the real-space images. The increase in elongation
with increasing concentration of Nb also indicates a de-
crease in orientational order. Recently, there has been
some controversy regarding the CDW-lattice orientation
in the nearly commensurate state of 17-TaS,; determined
from real-space?® versus reciprocal-space?' STM data.
This disagreement has centered on a small difference in
orientation, = 1°, obtained from the real-space versus
2DFT analyses. Herein, we note that both analysis
methods yield the same picture (i.e., dislocations that
destroy translational order and significant rotations of
the CDW), and thus we believe that these results reflect
the intrinsic effect of Nb impurity pinning and are not
due to an artifact of our analysis.

Previous studies have shown that while weak or collec-
tive pinning leads to short-range translational order, the
orientational order will be long range.'%?? Our estimates
of the translational correlation length are clearly con-
sistent with short-range order, and, furthermore, the
STM images and 2DFT indicate that orientational order
may be long range at small values of x. The real-space
images also bear a striking resemblance to other two-
dimensional systems such as the flux-line lattice in the
high-7T. superconductor Bi-Sr-Ca-Cu-O,'! and binary

random arrays of hard spheres.'> The phase of these
latter systems has been assigned to the hexatic state
which exhibits long-range orientational order and short-
range translational order.

To estimate the orientational order quantitatively and
explore this similarity further we have calculated the
orientational correlation function G¢(r).'"'>!819 These
calculations were carried out for the bond-orientational
order parameter ys(r) =X exp(i66;), where 6; is the an-
gle with respect to the x axis of the bond between the
CDW maximum located at r and its jth nearest neigh-
bor.'>!” The plots of G¢(r) for the x =0-0.1 samples
are shown in Fig. 2 and represent a key finding of this
study. At present we have not yet carried out extensive
statistical averaging of our results, and thus we cannot
be certain about detailed fits to G(r). The trends shown
in Fig. 2 are, however, significant and reproducible. As a
reference, G¢(r) for the CDW lattice in pure TaS; shows
little decay, as expected for a crystalline phase. The
Ge(r) determined for several x=0.04 images decay
slowly with r and can be fitted by a power law r ~7 with
n=0.18 £0.03.2> For the x =0.07 and 0.10 materials
Geo(r) oscillates due to insufficient averaging and cannot
be fitted with either a power law or exponential decay.
The orientational order obviously decreases, however,
from x =0.04 to 0.10.

Previous work has shown that the long-range orienta-
tional order of a hexatic phase should yield a power-law
decay for G¢(r), while G¢(r) will decay exponentially for
less ordered amorphous or liquidlike phases.!'>'®!"? We
can fit our data for the x =0.04 images by a power-law
decay, although at present the calculations have not been
carried out to sufficiently large r to rule out an exponen-
tial decay. However, irrespective of the fit the orienta-
tional order decays much more slowly than the transla-
tional order, as expected for a hexatic.!> These results
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FIG. 2. The orientational correlation function G¢(r) calcu-
lated from images of TaS; (O), NboosTa0sS> (@), Nboor-
Tao.93S> (0), and Nbg TageS; (A) materials, where Acpw is the
CDW period. The lines through the TaS,, Nbgo7Ta0.93S2, and
Nbo.1TaosS; data are shown only as a guide; the curve through
the NboosTao06S> data corresponds, however, to a power-law
fit (» =) with n=0.15 for r/A= 1.
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are similar to the quenched-in disorder observed for
binary random arrays of spheres,'® and the flux-line lat-
tice observed in magnetic decoration experiments on Bi-
Sr-Ca-Cu-O.!! Notably, in the case of the flux-line lat-
tice theoretical analyses have shown that the long-range
orientational order and short-range translational order
characteristic of a hexatic state arise from collective or
weak pinning.'® Consideration of these results and our
data thus strongly suggests that the pinning of the in-
commensurate CDW in TaS; by Nb impurities is weak.
It is also interesting to speculate whether the disorder in
the CDW represents snapshots of “melting” as a func-
tion of x, where at x=0 the phase is crystalline, at
x ==0.04 it is hexatic, and for x = 0.07 it is amorphous.
Although additional studies will be necessary to demon-
strate this proposal, our results show that these Nb-
doped materials represent a new experimental system in
which to explore systematically the consequences of dis-
order.

In conclusion, we believe that these studies of impurity
pinning of the incommensurate CDW in Nb-doped TaS,
are significant in several respects. First, the observation
of dislocations, long-range orientational order, and
short-range translational order in STM images of the
Nb-doped materials strongly suggests that pinning of the
incommensurate CDW is weak or collective. Second, we
believe that calculations of the orientational (and
translational) correlation functions, applied here for the
first time to STM results, represent an important method
for quantifying disorder in STM experiments. Lastly,
our results suggest that the impurity-induced disorder in
this CDW system is analogous to that observed in other
two-dimensional systems, and thus we believe that fur-
ther studies of these well-defined Nb,Ta; —,S, materials
should lead to an improved understanding of quenched
disorder and melting in two-dimensional systems.
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FIG. 1. 30%30-nm? gray-scale images of (a) 17-TaS;, (b) NboosTa096S2, (c) NboorTa09:S2, and (d) Nbg,TagsS; recorded with
a tunneling current of 2 nA and a bias voltage of 11 mV. The images are displayed with an inverted gray scale; i.e., the black spots
correspond to CDW maxima. Two dislocation loops are highlighted in (b). 2DFT power spectra of images corresponding to these
samples are shown below the images. The atomic lattice (G,) and CDW (g) wave vectors are indicated below (a).



